The Iranian Light Source Facility (ILSF) is a new 3 GeV synchrotron radiation laboratory in the Middle East. As the main radiation source, the ILSF storage ring is based on a five-bend achromat lattice providing an ultralow horizontal beam emittance of 0.48 nm rad. In order to produce very bright high energy radiation from the bending magnet, a superbend electromagnet is designed to replace the central low-field dipole of the bare lattice. In this paper, we present some design features of the ILSF storage ring bending magnet radiation source and discuss the detailed physical and mechanical design of the normal conducting superbend electromagnet. The related beam dynamics issues have been investigated as well.
I. INTRODUCTION
The Iranian Light Source Facility (ILSF) project is the first Iranian synchrotron light laboratory which is in the design stage and will be built in the city of Qazvin located 150 km west of Tehran. It is conceived as a national synchrotron light source to provide a powerful source of x rays. It will cover the requirements of researchers in various scientific disciplines and will provide a major impetus for the multidisciplinary sciences. At the end of 2009, the Institute for Research in Fundamental Sciences (IPM) was selected as the executer to construct the facility [1] [2] .
The horizon of the ultralow beam emittance storage rings is based on the multibend achromat lattice structure, which improves the brightness 2-3 orders of magnitude higher than present synchrotron radiation sources [3] [4] [5] [6] [7] [8] . The figure of merit of the ILSF storage ring follows the design trend of the modern synchrotron light sources. The designed ILSF storage ring lattice is based on the fivebend achromat (5BA) lattice. It is composed of 20 superperiods and provides 20 straight sections. One of them will be occupied with the injection equipment, and two of them are reserved for the rf cavities; the remaining straight sections are considered for installation of the insertion devices (IDs). Furthermore, the storage ring will serve up in total 20 beam lines from the central dipole magnets of the storage ring lattice. The ILSF storage ring circumference is 528 m, and the emittance of the electron beam would be 0.48 nm rad. Further information about the storage ring can be found in Ref. [9] .
There are five pure dipoles in each superperiod and a total of 100 in the whole ring. Each dipole has a magnetic field of 0.75 T, length of 0.84 m, and deflection angle of 3.60°. The weak dipoles include no field gradient, having the advantages of lower fabrication cost with home industries and easier alignment in the ring. The radiated beam critical energy from such a dipole is limited to 4.48 keV at 3 GeV. This photon beam energy would be useful for several experiments in the soft x-ray regions, but it is low for the hard x-ray experiments. For the ILSF, the superbend solution would be superior to additional wigglers. In principle, a wiggler or wavelength shifter can be used in the storage ring to generate the required hard x rays, but there are many advantages to the superbend solution. The superbend can be employed instead of the ILSF bare lattice central bending magnet to be a source of bright high energy radiation without using up any straight sections. The lack of straight sections is a significant issue in the ILSF machine, since there will be totally 17 free straight sections for IDs. The superbends provide high capacity, serving up to 20 beam lines in the ILSF storage ring, while their fabrication cost is much lower than the IDs. Because of the smaller electron beam spot size, the superbends make available higher flux density than a wiggler, which is desirable from a scientific point of view. The total radiation power of the superbend beam line is significantly smaller than the wiggler beam line, which results to save energy [10] . Furthermore, the longitudinal field gradient provided by the superbend helps beam emittance reduction [11] [12] [13] [14] . Therefore, the superbend magnet is chosen for use instead of the ILSF lattice central low-field dipole. This replacement is displayed in Fig. 1 . It shows a superperiod of the ILSF storage ring where the lattice central dipole is replaced with a superbend magnet.
To simplify the magnet design, avoid a curved orbit dipole, and provide an easy fabrication procedure of this dipole for our local industries, each dipole in the bare lattice is divided in three straight dipole sections; see Fig. 1 . All the sections have the same length of 28 cm and deflection angle of 1.2°. The middle section of the central low-field dipole is replaced with a thin high-field section.
There are three approaches of permanent, superconducting, and normal conducting magnets for design of the superbend. Because of the unchangeable field, remnant field sensitivity with the temperature, and aging effect of the permanent magnets [16] and because of the required advanced technologies of the superconducting approach, which is not necessary for a steering field less than 2 T [17] , the ILSF superbend has been designed based on a normal conducting electromagnet. The valuable experiences in fabrication of electromagnets with home industries motivated us for this selection. Furthermore, the electromagnet superbend core material is locally available, while the permanent material must be procured from abroad, which makes the cost more expensive. The experiences of R&D fabricated magnet prototypes with home industries demonstrated that the laminated low carbon steel ST14 which is locally available can be employed as the main material for fabrication of the superbend magnet [18] [19] . It can provide a magnetic field of 1.4 T, which corresponds to the critical radiated beam energy of 8.38 keV desired for the users. With the use of such a superbend, the required high energy bright radiation would be available from the inserted high-field section, whose core length is 14.91 cm. The brilliance curves of the emitted radiation from the central low-field dipole and the mentioned superbend magnet are shown in Fig. 2 . It indicates that the brilliance of the emitted photon beam from the superbend at its critical energy is almost 2-3 times higher than the case of a central low-field dipole.
This paper starts with the beam dynamics issues related to the use of the superbend magnet instead of the central dipole in the bare lattice. Impacts of the superbend on the ILSF beam parameters and the particle dynamics are discussed. The physical design of the normal conducting superbend including electrical and cooling calculations in two and three dimensions (2D and 3D) will be given next. The magnetic field quality, harmonic and statistical analyses, and end pole chamfering process are included. The related mechanical issues are described at the end. It should be noted that the FEMM [20] , POISSON [21], MERMAID [22] , and RADIA [23] software programs are used for the magnet design. The OPA [24] and ELEGANT [25] codes are employed for the beam dynamics studies. The SPECTRA [26] code is also utilized to study radiation properties. The subscripts x, y, and s in the paper indicate horizontal, vertical, and longitudinal directions, respectively.
II. BEAM DYNAMICS
A substantially lower emittance can be reached in a storage ring if the homogeneous bending magnets are replaced by devices of the same length with a varying longitudinal field. Furthermore, the local field enhancement will shift the critical energy towards higher values and satisfy the requirements of the hard x-ray user community [11] [12] [13] [14] . These features were the main motivations for the ILSF to employ such step function dipoles (superbends) as the very interesting components for the compact high brightness light sources [10, [27] [28] [29] .
The natural emittance for the ring based on the 5BA lattice structure in the presence of the superbend is given by F. SAEIDI et al.
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where A is a constant coefficient, N is the number of superperiods, m is the number of superbends, and L 0 and h 0 are the total length and the curvature of the low-field dipoles in the bare lattice, respectively. L H is the length of the superbend high-field section, which is equal to 14.91 cm. The theoretically calculated beam emittance versus number of superbends is displayed in Fig Table I .
The high-field section of the superbend with a magnetic field of 1.4 T is located at the symmetry point of the bare lattice where the dispersion function is small. Therefore, the linear and nonlinear parameters of the lattice have been changed a little from their nominal values. The optical functions in a superperiod of the storage ring including the superbend are depicted in Fig. 5 . For the new given tune point of the ILSF storage ring, the dynamic aperture of on-off momentum particles is evaluated by the numerical particle tracking. Figure 6 shows that the physical stable space is large enough to provide good beam injection efficiency and a long Touschek lifetime. It should be noted that the natural horizontal and vertical chromaticity is corrected close to a positive value (2.0 and 2.2) by the use of 16 sextupole magnets grouped in eight families. The shift of the tune point with energy deviation and the corresponding frequency map 
III. SUPERBEND ELECTROMAGNET DESIGN
The C-type ILSF dipole magnet is designed in a straight shape rather than curved form to simplify the fabrication procedure of the magnet core and coils [30] . The main dipole is divided in three straight sections, all with the same specifications. This is rather feasible, since the short bulk magnet yields a small sagittal, small pole width, and significant savings in the amount of iron core material. One shared hollow conductor coil is employed for the three sections; see Fig. 9 . In the superbend, the middle lowfield dipole section is replaced with a thin high-field dipole while the integrated field is kept constant. The high-field dipole section with an individual common coil specified with red color in Fig. 10 is flanked by the two low-field sections.
The locally available low carbon steel, ST14, with a standard number of 1.0338 is selected as the main material that results in significant fabrication cost reduction of the dipoles and the superbends. The measured B-H curve and relative permeability graph of ST14 are shown in Fig. 11 . They indicate that the saturation field of the ST14 material is about 1.6 T where the relative permeability decreases to less than 500 [18] [19] .
A. 2D magnet design
The pole profile is the most important and complicated part of the magnet design. Magnetic field quality within the good field region (GFR) strongly depends on the pole design. The required horizontal GFR in the superbend is AE13.3 mm. The sagittal of its low-field and the high-field dipole sections is 0.73 mm and 0.39, respectively. Therefore, the total GFR of AE14 mm is utilized as a design requirement of the superbend, and the field quality is considered to be less than 0.01% within the total GFR.
The gap of the superbend magnet has been determined mostly by the requirements of vacuum systems and beam dynamics issues. The thickness of the storage ring vacuum chamber is 2 mm, and an additional 2 mm is utilized as the clearance between the vacuum chamber and the magnet pole [31] . The required vertical GFR is AE11 mm, which results in a half gap of 15 mm for the superbend. Moreover, the allowed relative higher order multipoles have been controlled by using the appropriate nonsymmetric standard shims. The main parameters utilized for the ILSF superbend magnet design are given in Table II , and the designed pole profile of both low-field and high-field dipole sections of the superbend in the presence of the vacuum chamber is shown schematically in Fig. 12 . The corresponding 2D mechanical layouts are given in Fig. 13 , which indicates total lamination dimensions of 300 × 330 and 420 × 650 mm 2 for the low-field and high-field dipole sections, respectively.
Magnetic field
The magnetic field and its quality inside half of the lowfield and high-field yokes of the designed superbend are depicted in Figs. 14 and 15, respectively. They display the average quantity of the magnetic field in low-or high-field dipole section whose field quality is less than 1 × 10 −4 or 7 × 10 −5 within the GFR. The relative permeability shown in Fig. 16 indicates that both low-field and high-field dipole sections are far away from the saturation in the 2D design except sharp edges.
Moreover, the saturation tests were done by sketching the magnetic field versus current I. 
Harmonic analysis
The higher order multipole components due to the finite pole profile and the saturation of the material significantly affect the dynamic aperture. The assumed magnetic field expansion at midplane (y ¼ 0) is
where n is the order of multipole component and b n is the multipole coefficient. Systematic multipole components obtained with the POISSON [21] code are given in Table III , and the normalized multipole errors are depicted in Fig. 18 .
Static mechanical analysis
There is a yoke deflection when the electromagnet is powered on [32] . This deflection is caused by the magnetic force between the poles. The pole deflection in the presence of such a force and weight of the laminations is evaluated for the designed superbend, and the results are displayed in Fig. 19 . As shown, the maximum pole deflection in the low-field and high-field dipole sections is less than 0.04 and 0.05 mm, respectively. The deflected pole produces quadrupole gradients of 0.57 and 0.70 Gauss=cm. The field quality increases to 1.4 × 10 −4 (9.2 × 10 −5 ) in low-(high-) field dipole section. However, one can overcome these undesired gradients and pole deflection by fine adjustment of the quadrupoles in the lattice and increasing the width of the return yoke or welding a plate to it [33] .
B. 3D magnet design
The ends of the magnet cores should be designed in such a way that could provide the desired magnetic length and to avoid saturation and dangerous higher order multipoles. For these proposals, the end poles of the lattice central dipole are chamfered at first in the design process. The middle section of the central dipole is then replaced with a thin high-field section. To keep the same integrated field with acceptable quality, the end poles of the inserted highfield dipole section are chamfered next.
Lattice central dipole chamfering
In order to design the lattice's central low-field dipole in 3D, one straight block model with identical geometry to the current engineering layout (Fig. 9 ) is designed instead of three dipole sections. This should not affect the validity of the data predicted by the simulation, but it simplifies the 3D modeling. The magnetic length will be achieved by using chamfers at the pole ends. The chamfering will additionally control higher integrated multipoles. The chamfered pole end of the lattice central dipole is drawn in Fig. 20 . The end pole profile and its roll-off follow the Rogowski curve [34] . The chamfering angle from the pole edge is 52°.
The magnetic field homogeneity in the transverse plane (s ¼ 0) is examined, and the resulting field quality, not shown here, was as good as the corresponding 2D calculation which demonstrates that the three-and twodimensional models are consistent. The integrated field quality with and without chamfering is plotted in Fig. 21 , which indicates that the optimized chamfer improves it from 6 × 10 −4 to 1.5 × 10 −4 within the total good field region. To estimate the magnetic length, the vertical field generated by the roll-off was integrated longitudinally through the magnet: FIG. 12 . Pole profile of the designed (left) low-field and (right) high-field dipole sections in the presence of the vacuum tube [15] . The scale is millimeter. (2015) 082401-6
The calculated effective length of the lattice central dipole at the center (x ¼ 0) is 839.5 mm, which is 0.5 mm less than the desired magnetic length. These results will be further examined prior to proceeding with the procurement exercise for the dipole, and, if necessary, small adjustments will be made to the end roll-off to provide the required magnetic length of 840 mm. The maximum effective length deviation within the GFR of AE14 mm is 082401-7 less than 0.15 mm. The field distribution along the half magnet length is shown in Fig. 22 . It should be noted that the iron length of 820 mm is utilized in the calculations. The higher order integrated multipoles at the y ¼ 0 plane are given by
where the field coefficient A n is A n ¼ a n r n−1
ðn − 1Þ! and a n is the multipole coefficient. The higher integrated multipoles are given in Table IV 
Superbend magnet
To keep the integrated field of the superbend the same as the lattice central dipole, the length and chamfer of the high-field dipole section should be optimized. The high-field dipole section is modeled in three dimensions based on the nonlinear finite element method. The 3D modeling shows that the optimal thickness of the highfield magnet pole should be 92 mm, which results in the The 3D calculated relative permeability in the high-field section of the superbend magnet is shown in Fig. 25 , which differs from its 2D calculation because of its pole saturation. It is unavoidable and we have to live with it. However, no saturation is seen in the return yoke because of its larger thickness. The field in the gap distribution within half of the superbend magnet (with both high-field and low-field sections considered simultaneously, Fig. 10 ) is depicted in Fig. 26 .
The field qualities of the low-field and high-field dipole sections in the horizontal direction are shown in Fig. 27 . The 3D simulations show that the field quality in the low-field section is similar to 2D calculations and is less than 1 × 10 −4 . However, due to the saturation in the inserted thin high-field section, the field quality is increased from 1 × 10 −4 in 2D to 2 × 10 −4 in 3D. In order to provide good integrated field quality along the superbend, both pole ends of the high-field section are chamfered by 26°. As compared in Fig. 28 , the integrated field quality is improved from 1.5 × 10 −3 to 1.5 × 10
within the total GFR.
C. Mechanical design
The designed ILSF dipole magnet is composed of three straight yokes placed on one girder. The mechanical angle between the middle yoke and side ones is 1.2°. The shared long hollow conductor coils are mounted around all the yokes. The mechanical 3D model is shown in Fig. 29 (left) . Each straight yoke is based on the stacked C-type laminations. The laminations with a thickness of 1 mm are stacked with the packing factor of 98% by the local epoxy resin of EL-413, with a hardener of HA-41, which is similar to the epoxy resin of Araldite F, with a hardener of ARADVR HY 905. Additionally, several tension plates are also welded at different parts of the yokes to avoid tilting and separating the laminations. The magnet gap opening to the radial inwards part of the ring allows installation of the vacuum chamber. The middle laminated yoke consists of a block bottom and a block top half assembled together, which allows replacing the middle yoke with a high-field section. The top and bottom halves of the high-field sections mounted with additional individual common coils 
D. Electrical and cooling calculations
For electrical and cooling calculations, conductor and cooling duct dimensions should be chosen to provide optimum current density, power, inductance, cooling water speed, and pressure drop. There are two coils in the superbend magnet: one shared coil for all the sections and one individual only for the inserted high-field section. The water flow velocity should be high enough so that the flow is fully turbulent with a Reynolds number ≥4000. On the other hand, an acceptable water speed to avoid vibration and erosion of the conductor must be less than 4 m=s [32] . Furthermore, regarding local availability, 11 × 11 mm 2 of the oxygen-free copper conductor duct with a cooling hole of 4.5 mm diameter has been selected; see Fig. 30 . It is worth mentioning that glass fiber insulation treated with silicone varnish for adhesion and impregnation with 0.5 mm thickness would be implemented for both shared and individual coils. The calculated electrical and cooling parameters of the superbend are given in Table V . Because of the use of one cooling system for the superbend, the same pressure drops are considered for both coils in the calculations. 
IV. CONCLUSIONS AND OUTLOOK
The ILSF storage ring is based on the five-bend achromat lattice with the circumference of 528 m, which provides the beam emittance of 0.48 nm rad. In order to produce very bright high energy radiation, a superbend solution is chosen for use instead of the lattice central low-field dipole. The longitudinal step function field gradient of the superbend reduces the beam emittance desired by the users. The impacts of employing the superbend on the ILSF storage ring main parameters and the related beam dynamics have been discussed. The results revealed that the linear and nonlinear parameters of the lattice have been slightly changed from their nominal values and indicate promising beam behavior even without any further optimizations. The design of the superbend magnet with common coils has been physically and mechanically described. The proper end chamfers for the low-field and high-field dipole sections are developed and fully determined to meet the integrated field uniformity requirement. The designed superbend is now ready for fabrication as a prototype for the ILSF.
